This paper describes a student team project to learn engineering solution methods for determining the apogee of a model rocket when the drag effect is considered explicitly. Model rocketry is a powerful tool for instructors who wish to incorporate science, engineering, and mathematics into a fun, engaging, and challenging activity for students. In this project, students construct their own rockets and launch them using commercial model rocket engines to determine the apogee of the flight. The apogee can be determined using a number of methods: trigonometry, onboard altimeters, analytical calculations, and simulation. This paper emphasizes numerical and other analytical prediction methods using spreadsheet programming instead of a full analytical solution that requires higher mathematics. Students got a practical introduction to many engineering concepts they will later study. These concepts include thrust, impulse, drag force, payload, ascent and descent (with and without a parachute) times, speed, and acceleration. The importance of the future courses in physics are emphasized. These activities constitute one of two team projects of a 1.5 credit portion of a two-credit course in exploration of engineering and technology at the Old Dominion University in Norfolk, VA. Students learn many skills they need later in their studies and professional practice such as spreadsheet data entry and mathematical operations. Not the least of which is teamwork, a skill that they acquire as they organize into groups with specialized responsibilities for the purpose of launching their rockets, collecting data to be processed, and writing a report. Metric units were used.
Introduction and Educational Goals
Model rocketry is at once miniature astronautics, technological recreation, and an educational tool. A model rocket is a combined miniature version of a real launch vehicle. A model rocket is a very convenient metaphor to illustrate many important engineering concepts and principles in a fun and exciting way. Once a model rocket leaves the launcher, it is a free body in air. Model rockets have been used as student projects for decades. Other similar publications [1, 2, 10, 11, 17, 20, and 21] report engineering projects in the same general area, but this project is unique in the literature. Mathematics and physics aspects of model rocketry are reported in references 3, 5, 12, 14, 16, 18, and 23 . Figure 1 shows a cross section of a model rocket. The main educational goal of this project is to study the major methods to estimate the apogee and attempt to confirm the results using extensive field experiments. Student teams performed all analysis, programming, construction, and field work after they were instructed using smaller models. Uncertainty in prediction methods is a lesson well depicted in this project and a life lesson for students. [6] .
The powered phase of the flight lasts until the engine has consumed all its propellant. During this phase, the model rocket accelerates and moves in response to the forces of thrust, gravity, drag and lift. In order for this phase of flight to be successful, the rocket must be stable. The fins enable the rocket to correct the flight path when it is momentarily perturbed. When perturbed, an angle develops between the rocket's longitudinal axis and the freestream velocity vector called the angle of attack. At angle of attack, the fins will create a lift force, generated by the relative wind, which causes the rocket to align its longitudinal axis with the relative wind again.
This project utilized Estes D12-5 engines. Model rocket engines consist of a propellant powder pressed into a nonmetallic cylindrical casing. The propellant is black powder made of potassium nitrate, sulfur, and charcoal. The rocket gets its power from a chemical reaction which is a nonstoppable controlled explosion that sends gas out the nozzle at a high speed. The appendix shows the specifications for the engine. It was noted that an impulse of 20 N-sec claimed by the manufacturer is disputed by an independent test carried out by the National Association of Rocketry (NAR). This project also confirmed that D12-5 engine's impulse is less than 20 according to field experiments using an altimeter. The impulse value is random with a mean of 16.84 and a standard deviation of 0.53 N-Sec. Similarly, burn times are also random and longer than 1.60 seconds stated by the manufacturer. The average mass of an engine was 47 grams (vs. 43.1 per manufacturer) in this project. The average mass of a used engine was 18 grams. The majority of the difference of 29 grams is due to lift propellant, but it also includes the chemicals for the tracer smoke and parachute ejection. Hence, the manufacturer's propellant mass value (21 grams) was used in calculations. Figure 3 shows a D12-5 engine on a scale. An altimeter (AltimeterTwo) was used as a payload. Figure 4 shows the payload. The appendix shows the specifications of the altimeter which worked very well in this project.
Figure 4. Mass determination of the payload
A stable rocket always flies into the relative air flow; the presence of wind blowing across the launch field affects the flight path. The relative wind is the sum of two components -the airflow opposite to the direction of the rocket's motion and aligned with the longitudinal axis and flow with a direction orthogonal to the longitudinal axis. The net result is a relative wind that causes the rocket's flight path to curve away from the pure vertical and into the upwind direction. This effect is called "weathercocking" [6, 22] . The rocket's aerodynamic drag is very important. The drag force is expressed as follows:
Where ρ is the density of the air. Cd is the coefficient of drag that depends on the shape and surface finish of the rocket. V is the velocity and A is the frontal area of the model. A high thrust engine will cause a rocket to experience more drag than a low thrust engine because the rocket will reach higher velocities, but higher thrust engines will still make the rocket reach a higher apogee. The coasting phase begins when the propellant is exhausted. The delay element is a timing device that controls the deployment of the recovery system. Recovery system deployment occurs near the apogee in most cases. During the coasting phase, the rocket slows down since the engine no longer produces thrust. The smoke that is observed comes from the smoke-tracking and delay element of the engine. The recovery phase starts as soon as the smoketracking and delay element is exhausted. Model rockets can be dangerous if not handled safely. Each student turns in a homework early in the semester by handwriting the entire safety code of the NAR. The students are also asked to find and report a model rocket accident in the same homework.
Commercially Available Model Rockets
Model rockets are available in two common forms: ready to fly (RTF) and to be constructed from a kit. Figure 5 below shows the RTF models used for demonstration and practice calculations. The RTF model rockets in Figure 5 , from left to right, are the Fat Jack, the Rattler-7, the MaxTrax, and the Skytrax which comes with its own payload bay. A payload can be an altimeter as in Figure  5 or anything else that is allowable including an insect. The MaxTrax has a built-in altimeter, but it is very unreliable. 
Dynamics of Model Rockets
If we assume a vertical flight with zero degree of angle of attack and ignore the lift as a force to simplify calculations, there are three force factors on a model rocket as shown on the right in Figure  6 below.
1) Thrust (T) from the engine acts on the back of the model and makes it accelerate, 2) Weight (W) is a force that slows the model in its vertical flight. This force decreases slightly over time due to propellant consumption and is the product of gravitation acceleration and mass 3) Aerodynamic drag (D) force is a force due to air friction and separated flow which acts to slow the model. During the powered flight, all three forces act upon the model, but the thrust is zero during the coasting flight. Freshmen are introduced to Newton's three laws of motion or reacquainted as some were exposed to them in high school physics. These laws are stated below:
1. Objects at rest will stay at rest, and objects in motion will stay in motion in a straight line at constant velocity unless acted upon by an unbalanced force, 2. Force is equal to mass times acceleration. F = m a (2). This equation applies to launching the rocket off the launch pad. Thrust is a forward propulsive force that moves an object and is produced by the engine. As the engine ignites and thrust develops, the forces become unbalanced. The rocket then accelerates. Rocket propellant is burned and converted into gas that expands and then escapes from the rocket. Acceleration is the rate at which the gas escapes. The gas inside the engine accelerates as it leaves the engine. The greater the amount of propellant burned, and the faster the gas produced can escape the engine, the higher the resulting thrust.
3. For every action there is always an opposite and equal reaction. A model rocket will lift off if it expels gas out of its engine. The rocket pushes on the gas and the gas pushes on the rocket. The action, then, is the expulsion of gas out of the engine. In return, the reaction is the departure of the rocket skyward.
Model Construction and Pre-Launch Activities
In fall 2015, 104 students were randomly assigned to groups of 3 to 5 and each group was given a kit to construct the model. 14 show the moments just ahead of marching to a remote parking lot on campus. The university parking service was able to make only one-half of a remote lot available on a Sunday. This lot is by no means an ideal place, but the urban location of the campus leaves few alternatives. Figure 15 shows the instructor and two teams. The altimeter was set before each launch as shown below in Figure 16 . Table 1 below shows the data for 27 launches of B&D model rockets in fall 2015. Five rockets with altimeters were lost due to various reasons. Teams with lost rockets were allowed to use another team's data. While this project concentrated on the determination of apogee, a wealth of additional flight data (speed, acceleration, and flight times) were also obtained as shown in Table  1 . The appendix includes two sample raw data collection sheets for fall and spring semesters.
Apogee Prediction Methods
This section provides the variables and the formulas used by the students. Five non-physical apogee determination methods are also explained. Students learn that physical data, as in Table 1 above, should be collected after other methods, analytical and simulation based, are first applied in order to reduce costs and improve physical experiment. The term Vmax1 is the velocity at the end of the impulse or thrust period and called the burnout velocity. It is also the maximum velocity the model can attain. At lift-off, the propellant to total rocket mass ratio is about 5% for most model rocket and engine combinations. This is contrary to full-scale rockets. This issue is discussed in class by looking up some larger rocket mass ratios on the web. The ratio of the propellant's mass to the model rocket's is very small and during the flight the mass stays fairly constant. As the force is fixed and the mass is almost constant, acceleration can be assumed constant. The velocity is acceleration times the thrust time (V = a Bt) where, Bt is the end of the thrust duration. The average velocity during thrusting is the average of initial and maximum velocities or just half of the maximum velocity: Vav = Vmax1/2 (7).
Definition of Variables
While thrusting for Bt seconds, the model rocket will climb a distance of Sb = Vav Bt (8). When the engine stops thrusting, the model rocket starts its coasting flight and climbs up an additional distance of Sc = [(Vmax1) 2 / (2 g)] (9). The apogee is the sum of both distances, St = Sb + Sc (10).
The discussion so far neglects lift and drag forces. The aerodynamic drag has a big effect on the actual altitude. Stine's text [22] states that aerodynamic drag lowers the computed drag-free maximum altitude of a model rocket by 50 percent (for low-powered models) to as much as 80 percent (for high-powered models). Then, the actual apogee is: S = St * d (11). Then, d is the fraction of St that is the actual apogee. The value of d ranges from 0.20 to 0.80, but the value of coefficient "d" is never found in the engine specifications of any manufacturer. Steps outlined in equations 3 through 11 constitute the simplified analytical method implemented by each project team before the drag effect is considered explicitly in other methods. A d value of 0.50 seemed to yield the correct apogee value determined later by more advanced methods. The "d" variable is often confused with Cd variable used in other methods. Figure 22 shows the EXCEL code for the method 1.
2) Numerical Analytical Spreadsheet Model
Thrust: T = I/Bt (12)
Weight Force: W0 = -mo*g before burn out (13) Wb = -mb*g after burn out Apogee is reached at an iteration just before the speed becomes negative indicating the model is no longer climbing. Figures 23 through 26 show various sections of the EXCEL code for this method. Many students with no programming or other EXCEL experience had some difficulty in understanding both methods and the idea of programming in general, but they were very pleased to eventually understand and apply EXCEL to this project. Reference [19] provides a comprehensive treatment numerical solution approach to model rocket calculations.
Each method was run for two burnout or thrust times: manufacturer's (1.65 seconds) and typical field value (2.16 seconds) as shown in Table 1 . A drag coefficient of 0.95 was used. This value is justified in the appendix. [15] single stage model rocket equations. This method is an example of another simplified analytical approach. The equations of this method are listed in the appendix, but not used by the students in this project. Figure 33 shows the input and output screen using two burn times.
3) Web Based Calculator: This tool [8] applies Fehskens-Malewicki

4) Web Based Numerical Analytical Model :
A web based "simulator" [7] was also used. Figures 31 and 32 show the application and the output curves. This tool appears to be a numerical method instead of a simulation as its title implies.
5) RockSim Simulation:
Each team constructed the model rocket on a computer using the RockSim model rocket simulation software [19] as shown in Figure 29 . Figure 30 shows the output of this simulation software.
6) Trigonometric Method:
This method was only applied to the last launch (No. 27). Using hand-held tracking devices, two experienced students measured the apogee angles from two opposite locations each located 200 feet away from the launch pad.
Physical Experiment can be considered as the Method 7. Figures 27 and 28 show the altitude and speed as a function of time for the numerical method using a burn time of 1.65 seconds. The maximum speed is reached around 5 seconds which is the sum of the most thrust and the coast times for the field or the physical experiment data in Table 1 . Table 1 shows that the actual burn times were usually more than the manufacturer's specified value of 1.65 seconds for engine D12-5. The methods 1 and 2 (programmed by each student team) and the method 4 are in good agreement with the field or the physical experiment results while the methods 3 and 5 are within statistical agreement. It should be noted the actual launch masses varied as shown in Table 1 , but there was no clear correlation between the launch mass and the apogee as measured by the altimeter. The method 5 assumes ideal conditions and results in the highest apogee value. The top three altimeter values were 113 (Table 1 ) and 125 and 119 meters observed in spring 2016.
Conclusions
The outcomes include an understanding of how each of the apogee prediction methods works, a realization that engineering results are sometimes inconsistent, and appreciation for teamwork.
Other outcomes include gaining a firm belief that engineering data is often resource intensive, facility dependent, and it must be carefully recorded and saved for future use. All launch results are entered into a spreadsheet and posted on a web-based educational management program, for all teams to share. Documentation of lessons learned is a major outcome also. Just as in the real practice, model rocket launches are subject to many unexpected and surprising problems including loss of a vehicle with costly altimeter or other sensors onboard. Each team carefully notes and reports the problem encountered and remedy, if any, to the instructor who enters the information to the master flight log spreadsheet. Practice activities use RTF rockets with progressively bigger engines and higher average thrusts. Students get a practical introduction to many engineering concepts they will encounter later on in their studies and can decide if engineering excites them based on experience, rather than just textbook learning.
This paper has discussed a major group project using model rockets in a two-hour per week laboratory that is a part of a two-credit course in exploration of engineering and technology. The paper presented experiences with the rocket project with particular focus on comparing and contrasting several approaches to apogee prediction. As an aside, students also learned that the metric units were easier to use in aerospace work. The other main lab team project (metal cutting and manufacturing), however, uses the U.S. standard units to provide a balanced engineering unit instruction.
There were several educational goals expected of this project: 1) develop team work skills, 2) gain appreciation for future coursework in physics, statics, dynamics, aerodynamics, flight dynamics, and thermodynamics, 3) get an early understanding on the role of experimental (physical and simulated) and analytical approaches to solve engineering problems, 4) gain practice in writing technical team reports, 5) experience a "real life," hands-on engineering project from start to finish, 6) learn about rockets in general, 7) excite students about engineering and space exploration and improve the overall retention rate. These educational goals were either accomplished or it is too soon to tell, as in the case of goal 7 that seeks to improve retention. Team reports show that goals 1, 3, 4, and 5 were accomplished at various levels that ranged from fair to excellent. Teams were required to meet with the instructor and/or the graduate assistant to review draft versions of reports. An anonymous exit survey taken on the last day of classes indicate that a majority (70%) of the students felt this project was a very good learning experience for all the stated goals. In addition, substantial anecdotal evidence suggests that this project had a positive impact on student learning and retention. Positive student comments about the project were not just limited to student exit survey and course evaluations.
Recommendations
The urban location of the campus made it difficult to find as much open space as desired to conduct better experiments. The maximum distance from the launch pad was 65 to 100 meters depending on the direction from the launch area. This distance was not long enough for good triangulation. This project would work much better and be more exciting if more open space were available. Limited area made it impossible to use E engines that could send the models to 250 meters instead of around 110 meters feet as is the case now. E engines with twice the impulse were used in spring 2015, but too many rockets were lost due to the inability to track them in the urban environment. An altimeter should be used as a gold standard if there is a high probability that it can be recovered. This probability can be increased by simply adding additional weight as payload to cause more powerful engines to provide a lower apogee. More paint and/or an additional payload can be added to increase weight. This project was repeated in spring 2016. A key chain was used to hang the altimeter to the cone instead of wire used in fall 2015. This change allowed much faster removal and re-installation of the altimeters between successive launches on different rockets. Metal wires used in the fall semester to attach the payload took too long to tie and then cut open them. Table  1 shows that launch masses varied by up to 20 grams among the 27 rockets. All launch masses should be equal. This will make the results more consistent and easier to compare with the methods summarized in Table 2 . It also became clear that engine loading and other prep work should be done before the launch day as the combined fall semester activity took over 8 hours. This was too long for many students who had other commitments. Finally, more angular data should be taken to further confirm altimeter data using trigonometry.
